Smoking is the leading cause of preventable death worldwide. Though cigarette smoke is an established cause of head and neck cancer (including oral cancer), molecular alterations associated with chronic cigarette smoke exposure are poorly studied. To understand the signaling alterations induced by chronic exposure to cigarette smoke, we developed a cell line model by exposing normal oral keratinocytes to cigarette smoke for a period of 12 months. Chronic exposure to cigarette smoke resulted in increased cellular proliferation and invasive ability of oral keratinocytes. Proteomic and phosphoproteomic analyses showed dysregulation of several proteins involved in cellular movement and cytoskeletal reorganization in smoke exposed cells. We observed overexpression and hyperphosphorylation of protein kinase N2 (PKN2) in smoke exposed cells as well as in a panel of head and neck cancer cell lines established from smokers. Silencing of PKN2 resulted in decreased colony formation, invasion and migration in both smoke exposed cells and head and neck cancer cell lines. Our results indicate that PKN2 plays an important role in oncogenic transformation of oral keratinocytes in response to cigarette smoke. The current study provides evidence that PKN2 can act as a potential therapeutic target in head and neck squamous cell carcinoma, especially in patients with a history of smoking.
Introduction
Long term cigarette smoking is epidemiologically linked to development of various cancers (Ezzati et al. 2005) . Cigarette smoke exposure has been associated with mutations in tumor suppressor genes, activation of oncogenic drivers and methylation changes in various cancers including oral cancer (Pfeifer et al. 2002; Chen et al. 2011 ). In addition, carcinogenic constituents of mainstream cigarette smoke such as polyaromatic hydrocarbons (PAHs) including Benzo[a]pyrene (BaP), 7,12-Dimethylbenz(a)anthracene (DMBA) and nitrosamines are associated with activation of oncogenic and survival pathways in different cell types such as breast, liver, lung and head and neck cells (Hecht 1998; Currier et al. 2005; Hardonniere et al. 2016; Chen et al. 2005) .
The adverse effects of cigarette smoke are observed upon chronic rather than acute exposure in oral cells. However, only a few in vitro studies have focused on chronic exposure of cigarette smoke or its constituents in oral cells. Chronic exposure with cigarette smoke extract for up to 7 months in oral keratinocytes was seen to select for survival cues such as apoptotic dysfunction and activation of aerobic glycolysis with HIF1α accumulation (Chang et al. 2010; Sun et al. 2011) . Another study documents the malignant transformation of an established dysplastic oral leukoplakia cell line upon intermittent treatment with a mixture of B(a)P and DMBA. Results from proteomics analysis in this study showed enrichment of pathways such as signaling by Rho family of GTPases in transformed cells compared to untreated cells (Dong et al. 2015) .
Rho family of GTPases have been linked to increased cellular migration in various cancers (Parri and Chiarugi 2010) . In addition, limited studies indicate a link between cigarette smoke exposure and signaling downstream of Rho/Rac proteins (Olivera et al. 2007 ). Cigarette smoke exposure in non-small cell lung cancer cells was shown to activate PAK6 expression which was directly associated with cellular motility, survival and cellular transformation . Signaling downstream of Rho family of GTPases has also been linked to cigarette smoke-induced tumorigenesis in human bronchial epithelial cells (Zhang et al. 2013 ).
Global proteomics and phosphoproteomics can aid in identifying dysregulated signaling modules in both cellular models and primary tissue samples. To the best of our knowledge there are no high throughput studies documenting the adverse effects of chronic cigarette smoke exposure on normal oral keratinocytes. We employed a high-throughput mass spectrometry-based approach to study the proteomic and phosphoproteomic alterations in normal oral keratinocytes upon chronic exposure to cigarette smoke. Our data indicate dysregulation of vital cellular processes including cell adhesion and cytoskeletal reorganization in oral cells upon exposure to cigarette smoke. In conjunction with previous studies, we observed an activation of signaling downstream of Rho GTPases through aberrant activation of protein kinase N2 (PKN2) in smoke exposed cells. We studied the role of PKN2 and its interactors in oncogenic transformation of oral cells chronically exposed to cigarette smoke.
Materials and methods
Cell culture and adaptation of normal oral keratinocytes to cigarette smoke condensate Normal human oral keratinocytes, OKF6/TERT1, were generously gifted by Dr. James Rheinwald (Brigham and Women's Hospital, Boston, MA). OKF6/TERT1 were grown and maintained in keratinocyte serum free medium (KSFM) (supplemented with bovine pituitary extract (25 μg/ml), epidermal growth factor (EGF) (0.2 ng/ml) (ThermoFisher Scientific, MA)), 1% penicillin/streptomycin and calcium chloride (0.4 mM). The cells were cultured at 37°C in a humidified air incubator with 5% CO 2 .
FaDu and CAL 27 were procured from ATCC. JHU-O11, JHU-O22, JHU-O29 and FaDu were cultured in RPM1-1640 media supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. CAL 27 cells were cultured in DMEM medium supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. All cell lines were grown in a humidified incubator with 5% CO 2 at 37°C. The cell lines used for the study were authenticated by short tandem repeat analysis at the Genetic Resources Core Facility of Johns Hopkins University School of Medicine.
Cigarette smoke condensate (CSC) was purchased from Murty Pharmaceuticals, Inc., KY. OKF6/TERT1 cells were cultured in the presence of CSC in a dedicated smoke incubator as described previously (Chang et al. 2010) . Briefly, cells were treated with 0.1% CSC chronically for a period of 12 months. In the study, OKF6/TERT1 cells exposed to CSC have been referred to as OKF6/TERT1-Smoke cells. OKF6/TERT1 cells cultured in a regular incubator without any exposure to CSC have been referred to as OKF6/TERT1-Parental cells.
Sample preparation for mass spectrometric analysis OKF6/TERT1-Parental and OKF6/TERT1-Smoke cells were grown to 80% confluence, serum starved for 8 h, washed with 1X PBS thrice and harvested in lysis buffer (2% SDS, 5 mM sodium fluoride, 1 mM β-glycerophosphate, 1 mM sodium orthovanadate in 50 mM Triethyl ammonium bicarbonate (TEABC)). The cell lysates were sonicated, centrifuged and protein concentration was determined by BCA (Walker 1994 ).
In-solution digestion and TMT labeling
Equal amounts of cell lysate from all conditions were reduced using 5 mM dithiothreitol (DTT) and incubated at 60°C for 20 mins. The reduced protein lysate was alkylated using iodoacetamide (IAA) (20 mM) and incubated for 10 mins in the dark at room temperature. We employed filter aided sample preparation (FASP) protocol as described earlier to remove SDS (Kim et al. 2014) . Proteins were then subjected to trypsin digestion using sequencing grade trypsin (Promega, Madison, WI) at an enzyme to substrate ratio of 1:20. Trypsin digestion was carried out at 37°C for 16 h. The digested peptides were lyophilized and labeled with TMT reagents as per manufacturers' instructions. Briefly, peptide samples were dissolved in 50 mM TEABC (pH 8.0) and added to TMT reagents dissolved in anhydrous acetonitrile. Peptides from OKF6/TERT1-Parental were labeled with TMT tags 126 and 127 and OKF6/TERT1-Smoke cells were labeled with TMT tags 128 and 130. After incubation at room temperature for 1 h, the reaction was quenched with 5% hydroxylamine.
Basic reversed-phase liquid chromatography (bRPLC) and phosphopeptides enrichment using titanium dioxide (TiO 2 )
The labeled peptides were subjected to bRPLC fractionation generating 96 fractions, as described previously . The fractions were concatenated into 12 fractions. From these pooled fractions, one-tenth volume equivalent peptides were taken for total proteome analysis. All fractions were lyophilized and subjected to TiO 2 -based enrichment . The enriched and desalted peptide samples were further subjected to mass spectrometry analysis. LC-MS 2 analysis was performed on Thermo Scientific™ Orbitrap Fusion™ Tribrid™ Mass Spectrometer.
LC-MS/MS analysis
A total of 12 bRPLC fractions were reconstituted in 0.1% formic acid and analyzed on Orbitrap Fusion™ Tribrid™ mass spectrometer (Thermo Electron, Bremen, Germany) interfaced with Easy-nLC 1000 nanoflow liquid chromatography system (Thermo Scientific, Odense, Denmark).
Reconstituted peptides were initially loaded onto trap column packed (75 μm × 2 cm) with Magic C18 AQ (Michrom Bioresources, Inc., Auburn, CA) at a flow rate of 3 μL/min. Peptides were analyzed on mass spectrometer by resolving them on an analytical column (75 μm × 20 cm) at a flow rate of 300 nL/min using a gradient of 10% -35% solvent B (0.1% formic acid in 95% acetonitrile) over 100 min. The total run time was set to 120 min. Survey scan MS (from m/z 400-1600) was acquired in time-dependent acquisition mode in the Orbitrap with resolution of 120,000 at 200 m/z. The AGC target was set to 200,000 with ion injection time of 100 ms. Precursor ions with charge 2-5 were considered for MS2 analysis and dynamic exclusion of fragmented precursor ion was enabled for 30s. Precursor ionswere isolated using Quadrupole mass filter (isolation width = 2 m/z) and subjected to HCD fragmentation mode with 32%NCE. Fragment ions were analyzed in Orbitrap using 100-2000 m/z scan range at 30 K resolution. AGC target of 50,000 and 200 ms maximun injection time was used for the MS2 scans. Internal calibration was done using lock-mass from ambient air (m/z 445.1200025). Phosphopeptide enriched fractions were analyzed using the same method described above.
Data analysis
Mass spectrometry data obtained from LC-MS analysis was searched against Human RefSeq70 database using Sequest and Mascot (version 2.4.1) search algorithms through Proteome Discoverer 2.0 (Thermo Scientific, Bremen, Germany). Enzyme specificity was set as trypsin with maximum one missed cleavage allowed. The minimum peptide length was specified to be 6 amino acids. Carbamidomethylation of cysteine and TMT modification at N-terminus of the peptide and at lysine (K) were specified as fixed modifications and oxidation of methionine was included as variable modification. For phosphoproteomic data, phosphorylation of serine, threonine, and tyrosine was considered as additional variable modifications. The mass error of parent ions was set to 10 ppm and 0.05 Da for fragment ions. The data was also searched against a decoy database and MS/ MS identifications of <1% false discovery rate (FDR) score threshold was considered for further analysis.
Bioinformatics analysis
Information on the subcellular localization, molecular function, molecular class and biological processes of quantified proteins was obtained from Human Protein Reference Database (Goel et al. 2011 ) (HPRD; http://www.hprd.org). Ingenuity Pathway Analysis (version 31,813,283) (Qiagen, USA) was employed to study the interaction networks of proteins dysregulated and/or differentially phosphorylated (≥2 fold) in smoke exposed cells compared to control cells. Interaction networks were generated for Homo sapiens.
siRNA transfection ON-TARGETplus SMARTpool control siRNA and PKN2 siRNA were obtained from Dharmacon (Lafayette, CO). OKF6/TERT1-Smoke, JHU-O11, JHU-O22, JHU-O29, FaDu and CAL 27 cells were transfected using RNAiMAX (Invitrogen, Grand Island, NY) following manufacturer's instructions. Transfection was carried out as previously described . Cells were subjected to invasion assays and colony formation assays 48 h post-transfection.
Cellular proliferation assays
OKF6/TERT1-Smoke and OKF6/TERT1-Parental cells were seeded at a density of 25 × 10 3 cells per well in triplicate in 6-well plates. Cellular proliferation was monitored for 8 days where the cells were counted using trypan blue exclusion method.
OKF6/TERT1-Smoke, JHU-O11, JHU-O22, JHU-O29, FaDu and CAL 27 cells were seeded at a density of 4 × 10 3 cells per well in quadruplicate in 96-well plates. Cells were transfected with control or PKN2 siRNA. Cellular proliferation was monitored for 4 days as described previously (Chatterjee et al. 2006 ).
Western blot analysis
All cells were grown to 70% confluence and washed thrice with ice-cold 1X phosphate buffer saline (PBS). Following this, cells were harvested in RIPA lysis buffer (10 mM Tris pH 7.4, 150 mM NaCl, 5 mM Ethylenediaminetetraacetic acid (EDTA), 1% Triton-X-100, 0.1% Sodium Dodecyl Sulfate (SDS) containing protease and phosphatase inhibitor cocktails) and protein concentration was determined using Bicinchoninic acid (BCA) assays. Western blot analysis was carried out as described previously (Nanjappa et al. 2015) . Briefly, 30 μg of the cell lysate was resolved by SDS-PAGE and transferred onto nitrocellulose membrane. The membrane was probed with primary antibodies and incubated overnight as per manufacturer's instructions. Membranes were then probed with HRP-conjugated anti-mouse or anti-rabbit secondary antibodies (Santa Cruz Biotechnology, Dallas, TX). Proteins on the membrane were visualized using enhanced chemiluminescence detection kit as per manufacturer's instructions. PRK2 (PKN2) and DSC3 antibodies were obtained from Santa Cruz (Santa Cruz Biotechnology, Dallas, TX). Phospho-antibodies for CD44 (S706) and PRK3 + PRK2 + PRK1 (T718 + T774 + T816) were procured from Abcam (Abcam, USA). Antibody for CD44, was purchased from Cell Signaling (Cell Signaling Technology, Danvers, MA). β-actin antibody was procured from Sigma (Sigma Aldrich, USA) and was used as loading control for all Western blots.
Cellular invasion assays
The invasive ability of OKF6/TERT1-Smoke cells and HNSCC cells was investigated using a transwell system (BD Biosciences, San Jose, CA) with Matrigel (BD Biosciences, San Jose, CA) coated filters. Cellular invasion was evaluated after 48 h. Briefly, invasiveness of the cells was assayed in the membrane invasion culture system using polyethylene terephthalate (PET) membrane (8-μm pore size) (BD Biosciences, San Jose, CA) coated with Matrigel. The cells were seeded at a density of 2.0 × 10 4 in 500 μl of serum free media on the Matrigel-coated PET membrane in the upper compartment and placed in a compartment filled with complete growth media. All plates were incubated at 37°C for 48 h. Post incubation, upper surface of the membrane was wiped with a cotton-tip applicator to remove non-migratory cells. Cells that migrated to the lower side of the membrane were fixed and stained using 4% methylene blue. All experiments were performed in triplicate. Representative images were photographed at 10× magnification.
Colony formation assays
Colony formation assays were carried out as described previously . Briefly, OKF6/TERT1-Smoke or HNSCC cells were seeded in triplicate at a density of 3 × 10 3 , transfected with control or PKN2 siRNA. The resulting colonies were fixed with methanol, stained with 4% methylene blue and counted. The number of colonies formed was counted for ten randomly selected viewing fields and representative images were photographed at 3× magnification. All experiments were performed in triplicate.
Scratch wound assays
The wound migration assays were performed as described previously (Cormier et al. 2015) . Briefly, the cells were seeded in 6-well dishes, allowed to grow till 90% confluence and multiple, uniform size scratch wounds were introduced using sterile 200 μl pipette tip. OKF6/TERT1-Smoke and HNSCC cells were transfected with control or PKN2 siRNA. The wound photomicrographs at 0 and 10 h were taken at 10× magnification. Average change in migration area was calculated for control and siRNA transfected cells and plotted. All experiments were performed in triplicate unless otherwise indicated.
Data availability Mass spectrometric data generated in this study was submitted to the ProteomeXchange Consortium (http://proteomecentral.proteomexchange.org) via the PRIDE partner repository (Vizcaino et al. 2013 ) with the dataset identifier PXD007637.
Results
We developed a cellular model of chronic smoke exposure with normal oral keratinocytes, OKF6/TERT1 where cells were exposed to cigarette smoke for duration of 12 months. Cells were studied for cellular and molecular changes induced upon chronic exposure to cigarette smoke.
Chronic exposure to cigarette smoke induces phenotypic changes in oral keratinocytes Chronic exposure to cigarette smoke resulted in changes to cellular morphology of OKF6/TERT1 cells (Fig. 1a) . OKF6/TERT1-Smoke cells were more elongated compared to parental cells. We also observed a number of phenotypic changes associated with cancer hallmarks in smoke exposed cells compared to parental cells. Cigarette smoke treatment resulted in an increase in rate of cellular proliferation in OKF6/TERT1-Smoke cells (Fig. 1b) . Oncogenic transformation results in sustained proliferative growth of cells. We performed colony formation assays to evaluate these changes in smoke exposed compared to parental cells. Invasion assays are often used to investigate metastatic potential in transformed cells. Scratch wound assays reflect migratory pattern of cells in a monolayer which cannot be studied in invasion assays. Studies have previously discussed the development of collective migration phenotype in squamous carcinomas of epithelial origin (Rorth 2009 ). We observe the same in smoke exposed oral cells. As seen in Fig. 1c, d and e, smoke exposed cells displayed increased invasiveness and cell scattering compared to OKF6/TERT1-Parental cells. In addition, we also observed a distinct change in the migratory pattern displayed by OKF6/TERT1 cells upon chronic exposure to cigarette smoke (Fig. 1f) .
These phenotypic changes indicate a change in cellular signaling upon smoke exposure. To understand the altered signaling induced by cigarette smoke we studied the proteomic and phosphoproteomic changes in OKF6/TERT1-Smoke cells compared to OKF6/TERT1-Parental cells.
Cigarette smoke exposure results in global proteomic and phosphoproteomic changes in oral keratinocytes
We employed quantitative Tandem Mass Tag (TMT)-based proteomic and phosphoproteomic approaches to better understand the molecular alterations induced by cigarette smoke in oral keratinocytes. The experimental strategy is depicted in Supplementary Fig. 1 . Proteomic analysis resulted in the quantification of 5066 proteins in at least one replicate of which 40 proteins were overexpressed and 55 proteins were downregulated by 2-fold in both replicates. A complete list of quantified proteins is provided in Supplementary Table 1 . Quantitative phosphoproteomic analysis resulted in the quantification of 3662 phosphosites corresponding to 1801 proteins (Supplementary Table 2 ). Employing a 2-fold cutoff in both replicates, we identified 127 hyperphosphorylated and 144 hypophosphorylated phosphopeptides corresponding to 95 and 86 proteins, respectively. Amongst the hyperphosphorylated proteins, 8 kinases were identified to be hyperphosphorylated (≥2 fold) in both replicates. These included proteins such as rho-associated protein kinase 2 (ROCK2), serine/threonine-protein kinase N2 (PKN2), STE20-like serine/threonine-protein kinase isoform 1 (SLK) and phosphorylase b kinase regulatory subunit beta isoform a (PHKB). A partial list of proteins dysregulated and/or differentially phosphorylated (≥2 fold) is provided in Table 1 . The distribution of phosphorylation and protein quantitation in smoke exposed cells compared to parental cells in depicted in Fig. 2a .
Chronic cigarette smoke exposure alters signaling processes associated with cytoskeletal reorganization and invasion in oral keratinocytes
We performed bioinformatics analysis of proteins that were dysregulated and/ or differentially phosphorylated by ≥2 fold in both replicates in our proteomic and phosphoproteomic data. Ingenuity Pathway Analysis revealed a strong concordance with results of cellular assays. The top molecular and cellular functions that were seen to be significantly (p < 0.01) affected were those involved in cellular movement, cellular assembly and organization (Fig. 2b) . Under cellular movement, the specific cellular processes found to be activated (activation z-score > 2, p < 0.0001) included invasion of cells, cytoskeletal organization and cell migration (Fig. 2c) .
We observed hyperphosphorylation of cortactin (CTTN) and 1-phosphatidylinositol 4,5-bisphosphate phosphodiesterase gamma-1 isoform a (PLCG1) at Ser368 and Ser1248, respectively. Phosphorylation of CTTN at Ser368 and PLCG1 at Ser1248 has been linked to enhanced cellular motility (Wang et al. 2006; Kelley et al. 2010) . Phosphorylation of CTTN at Ser368 has also been associated with activation of focal adhesion kinase (FAK) with a concurrent increase in cell scattering in human gastric adenocarcinoma cells (Tegtmeyer et al. 2011) . In conjunction with this, OKF6/TERT1-Smoke cells displayed increased cell scattering and we also observed a 1.85 fold increase in FAK or PTK2 phosphorylation at Ser932 in these cells compared to parental cells. Hyperphosphorylation of FAK at Ser932 has been linked to cytoskeletal reorganization (Villa-Moruzzi 2007) . In addition, proteins with established roles in cytoskeletal reorganization and structural integrity in keratinocytes such as keratins 5 and 14 (KRT5, KRT14), envoplakin (EVPL), plakophilin 1 (PKP1) and desmoglein 3 (DSG3) (Johnson et al. 2014) were downregulated and hypophosphorylated (≥2 fold) in OKF6/TERT1-Smoke cells compared to parental cells. Another protein known to be over expressed in cancers -intercellular adhesion molecule 1 (ICAM1) -was overexpressed and hyperphosphorylated (≥fold) in smoke cells (Rosette et al. 2005) .
Serine/threonine protein kinases including ROCK2 and PKN2 are known downstream effectors of Rho and Rac GTPases in cytoskeletal rearrangements (Amano et al. 2010; Vincent and Settleman 1997) . Both proteins were hyperphosphorylated by ≥2 fold in our phosphophoproteomics data. Active RhoA is involved in ROCK2 phosphorylation at Ser1374 resulting in its activation (Julian and Olson 2014) . ROCK2 expression has been associated with invasion in non-small cell lung cancers (Vigil et al. 2012) . PKN2 expression has been found to be essential for cellular migration and invasion in bladder cancer cells (Lachmann et al. 2011) .
In concordance with mass spectrometry data, we observed an increase in endogenous expression of PKN2 in OKF6/TERT1-Smoke cells as well as a panel of HNSCC cell lines compared to OKF6/TERT1-Parental cells (Fig. 3a) .
Silencing of PKN2 in OKF6/TERT1-Smoke cells and a panel of HNSCC cells was confirmed by Western blot analysis (Fig. 3b) . PKN2 silencing resulted in a decrease in its phosphorylation at Thr816. In addition, we observed a decrease in CD44 expression levels with a concurrent (Johnson et al. 2014) . We observed an increase in DSC3 expression levels in both smoke exposed and HNSCC cells upon siRNA mediated silencing of PKN2 (Fig. 3b) . These observations indicate activation of PKN2 signaling cascade in response to cigarette smoke in HNSCC.
Silencing of PKN2 decreases cellular proliferation
siRNA-mediated silencing of PKN2 resulted in significant decrease in cellular proliferation of both smoke exposed oral cells (Fig. 4a) as well as in a panel of HNSCC cells (Fig. 4b-f ) compared to control cells. PKN2 silencing also led to significant reduction in colony forming ability of smoke exposed cells as well as HNSCC cells compared to parental cells ( Fig. 5a and b) . Our data indicates that PKN2 plays a significant role in the proliferative ability of OKF6/TERT1-Smoke cells. In addition, decrease in proliferation of HNSCC cells upon PKN2 silencing suggests a crucial role of PKN2 in oncogenic transformation.
Inhibition of PKN2 decreases invasive and migratory ability of cells exposed to cigarette smoke Colony forming ability is often associated with invasive capability of cancer cells (Nanjappa et al. 2015; Radhakrishnan et al. 2016) . Since invasive potential reflects metastatic potential of tumor cells, we investigated the role of PKN2 in invasion and migration ability of OKF6/TERT1-Smoke and HNSCC cells. As depicted in Fig. 5c and d, PKN2 silencing led to significant decrease in the invasive ability of not only OKF6/TERT1-Smoke cells but also in a panel of HNSCC cells. In addition, we also observed a significant decrease in the migration ability of OKF6/TERT1-Smoke and HNSCC cells due to PKN2 silencing (Fig. 5e) .
Taken together, our results from proteomic and phosphoproteomic data analysis as well as cellular assays indicate that PKN2 plays an important role in oncogenesis in oral cells especially due to chronic smoke exposure.
Discussion
Several in vitro studies have previously documented the adverse molecular effects of short term (acute) cigarette smoke exposure. Cigarette smoke and its constituents are known to affect signaling pathways linked to increased cellular proliferation, survival and migration (Dasgupta et al. 2009; Kim et al. 2010; Gumus et al. 2008; Yang et al. 2015) . However, it is chronic rather than acute exposure that is associated with and leads to oncogenic transformation. A recent study by Vaz et al. highlights that chronic smoke exposure induces epigenetic alterations over time that sensitize human bronchial epithelial cells to oncogenic transformation by a single oncogene (Vaz et al. 2017) . Using a cellular model, we too, demonstrate molecular changes that are prerequisites for progression to malignancy. This is evidenced by increased cellular proliferation, invasive and changed migratory ability of the smoke exposed cells. High-throughput studies such as genome sequencing and transcriptome studies have characterized irreversible and reversible changes to key cellular processes such as DNA repair pathways, oxidative stress, xenobiotic metabolism and tumor suppression in smokers compared to non-smokers (Spira et al. 2004; Govindan et al. 2012) . However, documenting molecular alterations in signaling molecules may better reflect the functional consequences of cigarette smoke exposure at a cellular level. Using quantitative proteomic and phosphoproteomic approaches, we elucidated the molecular changes in oral keratinocytes upon chronic smoke exposure. Bioinformatics analysis of proteomic data revealed dysregulation and differential phosphorylation of several proteins downstream of Rho/Rac signaling including PKN2, ROCK2, CTTN, PLCG1, members of the keratin family of cytoskeletal proteins and members of the plakin family of proteins. Proteins such as envoplakin, keratins 5 and 14, plakophilin and tight junction protein ZO-1, are involved in maintenance of epithelial integrity and cellular adhesion and were seen to be downregulated and/or hypophosphorylated Immunoblot analysis of total PKN2, p-PKN2 (Thr816), CD44, p-CD44 (Ser706) and DSC3 was performed. β-actin was used as loading control (≥2 fold). Rho GTPases-associated signaling is known to control expression of proteins involved in desmosome formation (Johnson et al. 2014 ). In addition, loss of desmosomes has been reported as an early event in carcinogenesis (Dusek and Attardi 2011) . Our data is in concordance with this phenomenon. PKN2 is a protein kinase downstream of Rac1 signaling that is associated with increased migration in bladder cancer cells (Lachmann et al. 2011) . Silencing of PKN2 resulted in downregulation of proteins such as CD44 with a concurrent increase in levels of desmosomal protein DSC3. CD44 is a known marker of cancer progression in multiple cancers including gastric and oral cancer (Yuan et al. 2016; Judd et al. 2012) . Restoration of desmosomal proteins has been shown to suppress tumorigenic potential in human chondrosarcoma cells (Galoian et al. 2015) . Silencing of PKN2 significantly reduced cellular proliferation, invasion and migration in OKF6/TERT1 cells transformed by smoke exposure as well as in a panel of HNSCC cell lines. Our data indicates that chronic exposure to cigarette smoke results in distinct dysregulation of pathways associated with cellular adhesion and cytoskeletal reorganization. Further, silencing of PKN2, a key downstream effector of Rho GTPases, results in suppression of carcinogenesis induced by smoke exposure in oral cells. Our data suggests that PKN2 plays a major role in oncogenic transformation in HNSCC and can serve as a potential therapeutic target in head and neck cancer.
In conclusion, we report PKN2 activation in oral cells chronically exposed to cigarette smoke. Activation of the PKN2 signaling axis affects desmosomal integrity and cellular adhesion-related processes which aids in the oncogenic transformation of oral cells. Further studies are required to evaluate the prevalence of PKN2 activation in HNSCC among smokers and to determine the therapeutic potential of PKN2 in a clinical setting.
